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plate at thiszlength Re: aolds number,

Full length Jemirar flow with very low friction and cquivalent toral
drags vas uaintaiusd on an 8 to i Fincuess ratic Refchardt bedy of revolu-
tion of 12-foot lengih by mecns of boundary layer suetfon thvough 113 fine
slots up to a lengch Reynolds nwuwber Ry = 57,76 x 1% The loweat coeffie
clent of equivalent total drag (based on body wetted rrea gad !nclud;ng
the gquivalent suction drag) at an anyle of attack & = 0” way Cnt . 2,63
x 104 at Ry = 57.76 x 108 with & correspording total suction flow cocffi-
cient (based on wetted avea) CQ: = 1,77 x 10"6. This value of eguivalent

total drag 1s 12 percent of the friction coefficient of a turbulent flat
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local drag contribution of bouwdary layer momentum thickness '
at a given radial angle @

Do coefficient of drag, bascd on body wetted area §
g b CQa (1 - (bp); coefficient of dray due to suction

all ’

chambers
power required to accelerate the sucticr afr without losses .
to undisturbed velocit: rnd pressure

= OD' + an 3 coefficient of equivaleat total drag

minimum equivalent total drag coefficient
21

.*_r ch d 93 coefficient of wake drag
o

laminar flat plate friction coefficient

= p = Pt pressure coefficient with respect to ambient

et mam

Qm
static pressure p,

= Py = Doy 3 Pressure cocfficlent of individual suction

q«‘l:
chamber with respect to ambient static pressure p_

" Qa ”; suction coefficient of individusl suction chamber

—ew @re .

U S
based on body wetted area 8

e e o -
a0 T ; R
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¢ & C, 3 total suction coefficient ; .
Qt oll Qa ;
' chambers 5
CQ optimum toral suction coefficient correspondlné to miuimum
» opt ‘ equivalent total drag -
b deag (Ih) .
H @ %ﬁ } boundary layer shape paramoter :
,'ﬁ average boundary layer slape parameter between the value at
the boundary layer rake position and the value at {nfinity o
Hpg boundary layer shape pacameter at the boundary layer rake
position of the model
L model length = 12,0 ft,
P, pressure in the individual suction ch:uber (lb/fcz)
Poo undisturbed freestresm static pressure (1b/ft2)
9o =(1/2)pum2; undisturbed freestream dynamic pressure (1b/£e2) T S
Q- suction quantity of individual suction chamber (£t3/sec) ;ﬁ
r body radius at axial station x (ft)
Trp body radius et the boundary layer rake position of the
model = 3,345 in,
Ry, = U, L Reynolds nuzber based on model length L
v
Rg = U9 ; Reynolds nuumber based on boundary layer mome.tum
»
thickness ¢
s distatice along the surface of the model (ft.)
s wotted surface area of model = 46,23 ft2
u velocity in the boundary layer at height y (ft/scc)
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v velocity at thz ourer edge of the boundary layer (ft/sec)-
Upp potential flow velocity at the boundery luyer rske position
- of the nmolel (ft/sec)
Up undisturbed freestrzam velocity (ftlse;s
v suction inflow velocity for equivalent area suction (ft/sec)
vok u ngfﬁz § nondimenzional suction inflow ve!ocity for

Ve

equivalent area suction

-

X distance along uaxis of model (ft)
y distance normsl to the surface of the model (ft)
o angle of attack (degrees)
L boundary layer thickness (ft)
&
O - f - %) (1 + y) dy; boundary layer displacement thick-
o r
ness (ft)
6*TE boundary layer displacemenc'thtckness at the boundary layer
rake position of the model
6 .
6 '_r % (1 - u) (1 + y) dy; boundary layer momentum thick-
o 1 4
ness (ft)
Orp boundary layer momenium thickness at the boundary layer
raeke position of the model
6. ' wake momentum thickness far behind the model
1) absolute viscosity (1b - sec / £e2),
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l'i INTROMUCTION 1

Substantial pevformance increases of underwater bodies would be
possible 1if extenslve or completely laminar boundary layer flow could be
maintained over their surfaces by means of boundary layer suction (refer~
ence 2 through 5), The question therefove arises as to whether laminar
flow can be msintained on underwiter bodies of revolution up to the
length Reynolds numbers encountered by suchhbodies cruising at high ; -
.speeds. In addition, it is desirable to estsblish data from which the
limits of the paramerers significant to boundary layer stability on a

body of revolution can be deduced for dezign purposes.

) k ) ’

Low drag suction experiments are generally considerabl} easier to
zonduct in low turbulence wind tunnels than in water, Since similar : ;}g .
flows develop in water and alr for the same Reynolds numbers, as long as 5“ _‘) '”‘;;“Q{?
effects from a free surface and cavitation can be neglected, it wes de- 3  ; L :“
cided to investigate a Reichardt body of revsalution of fineness ratio 8, ?;;;ﬂigg“;”; ;ﬂ
with low drag suction spplied through 113 slots, in the Ames 12-foot low
turbulence high preseure tunnel, The low level of turbulence and noise
of the Ames 12-foot turnel at high tunnel pressures (reference 6) should
enable the maintenance of full length laninar flow on the Reichardt suc-~
tion body up to considerably higlier length Reynolds numbers than the
maximum value of 18 x 106 which was observed during the first experiments
on the same suction body in the Norair 7- by 10=foot utmopghcrl; low

turbulence tunne! (reference 1),
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11 EXPERIMEN1AL STUDY

A, EXPERYMERTAL SRTUP

The body stupe was an 8:1 fineness ratfo Reichardt body of revo.
lution (referance 8) and was chosen to allow comparison with a test model
buile by the U.S, Nsval Ordnance Test Station (NOTS), Pasadens, Califor-

niu, snd described {n refetence 4, The dfameter of the Norafr model was

18 inches and the buay length 144 inches. At the rear of the body was &
6.5 inch dismeter etfng which scrved to support the model and provide a
passage for ducting suction air out of the model, The body shape was

faired smoo:hly into the sting from 94 to 103% of the body length, using

an algebraic equation with five unknowns to allow matching of the ordinate
and first and second derfvatives of the body shape as well as the ordinate
and first derivative of the sting. The final model contour i{s illustrated

in Figure 1 and the coordinates of the shape are given as Table 1,

The potential pressure distribution of the body (without sting and

at o = 0° angle of atfack) was computed for NOTS by A.M,0, Smith, using

' the metlod of reference 9, and was experiments'ly checked by Norair with
a nonsuction Reicliardt body of-rcvvlutlon utiliting & sting (reference 1,

appendix A)., The theoretical pressure distribution is shown in Figure 3,

Based on previous low drag suction experiments on & 30° suept lam-
fnar suction wing (reference 7) in the Norair 7« by 10-foot and in the
Ames 12-foot tunnel and other low drag suction investigations in the

Norair 7- by 10=foot tunnel it was estimated that fuil length laminar
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flow slould be feasible on the kelehardt bedy with low drag suction in

6

 the Ames 12«foct tuaasl vp to 40 x 10° to 5 » 106 leus,th Reynolds tsaber,

Accordingly, the ucdal vas ladd our for & dazdgm leapgth Reyuslds v wber
R = .u..';l: : 49 x 107, The bourdery layse developneut alc:‘:.;-, the body wes
calculsted (Figuce 6) by neans of Naets' methed {refercucs 10), using ths
potential flow pressure distribution aud tha theovetical suciion ’disfri—

-

butivn (for eguivalent area suction) shuen in Figure 6,

Oa the frout peri of the L:ody the bounlery layuc s rather unste-
ble due to the stretching of disturbance vortices in the boundacy layer
in the regfon of increasing body radius. Tn order to rapidly stabilize
the boundavy layer in this forwerd area relatively strong suction wa: ape ’
plied far forward, follbwed by decreasiog suction In the region of the flat
pressure distribution, In order .I:o avoid an excessive thickening of the
bour'n;lary layer avd laminar separution a'nd transition in the xegfon of the
rear pressure rise and decreasing bedy redius, considerably stronger suce
tion was applied In this arca of the body. Area suction, being optimum . ’ ' {" toa
aerolynamice. ly, was closely approached by means of suction through 113 |
0.003% wide slots located from 2.75% to $9.6% of ths hody length, The

position of the first slot was sclected on the basis of trarsition axe

perimevts on & uonsuction Reichardt body of revolution (appendix A of rel-
ersnce l_) _extrapola_iied to high Reynolds nembers, Figure 1 ahw, the ;nodal
and details of the suction uyil:ma. The lllot spusing Qu detoarmined from

the theoretical boundary layor devalopment (Figure 6) to be two fnches in

the region of the flat prassure distribution from 2,/5% to 80% of the body
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length and one<half inch 1u¥the region of the rear pressure rise from 80%

to 99,6% of the iength where strong suction is'rquired. Ine :? to avoid
local flow decelerations at the slot 1n1e£s vhich might lead to flow ine
stabilities in the boundary layer the slot width was chosen approximately
equzl to the thickness of the sucked boundary layer at the design igngth
Reynolds number of &9'106. The suction air passed through the slots and
circumferential grooves or small plenum chambers, through holes, drilled in
.a thicker continuous inner skin, into 13 individual suction chambe:i..

These holes at the came time acted as suction flow metering holes. In ad-
dition, in order to avoid any locul flow separation at éhe inlet of thé
sharp edged suction slots and suction holes located underneath the slois
the Reynolds numbers in these slots and holes (based on slot width or hole
radius and mean velocity through the slots or holes) was restricted to such

low values that the fiow through the slots and holes uus-purely viscous,

The model was built up of an inne; shell composed of seven machined
tubes bolted together, a nose piece, and outer rings shrunk-fit to the
fnner shell. Details of the slot and hole system are given in Table II.
Suctfon plenum chambers were turned iné;-the outer rings. During assembly,
the outer rings were forced together as they were shrunk-fit onto the imner
shell and the slots were subsequently turned into the joint betwee: rings
to piovide positive control of the slot width, Compartmentation of the
molel into thirteen suction chambers was accomplished by means of sealed .
bulkheads. Calibzrated suction flow messuring nossles were mounted in the

face of the bulkheads,
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Figure 2 is a schematic drawfhg of the model as it was installed in the
ﬁASA-Ames 12-foot pressure wind tunnel and Figure 3 shows the model as it
appeared in the wind tunnel test sectton. Disturbances from the model sup-
port system were minimized. The model was held by a tubular sting exten-
sion which, 1ﬂ‘turn. fitted into the body of revolution of the wind tunnel
high-speed support system. Streamline sway braces, extending from the
sting extension to the wind tunnel walls, were provided as a guard sgainst
flutter and could be used to make slight adjustments of the‘angle of yaw

of the model.

From the suction chambers, the suction air passed iﬁrough calibrated
suction flow measuring nozzles mounted in the various bulkheads, and
through alurnum tubes to the exgerior of the model. Flexiﬁle tubing led
the suction air out of the tes* section through fairiugs fixed to the high-
speed suoport system and to a common suction box located in the wind tunnel
balance chamber. Since the experiments were conducted at tunnel pressures
.varying from two to five atmospheres, suction could be operated by bleediﬁg
the suction air into the atmosphere through a sonic throat. The individual
suction quantities of the various suctioé chambers were varied by means of
remotely adjusteble needle valves located at the inlets to the common
suction box and the total rate of suction was controlled by remotely varying

the area of the sonic throat.

Flow disturb;nces from the internal duéting systea which iihht ad-
versely affect the boundary layer on the external surface were minimised by
evoiding local flow “eparations and flow pulsattons in the dncting system

and hy maintaining a rteady and uniquely defincd duct tlow.,

"“}»& e
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_ B. MEASUREMENTS AND EvaLuATIon {

" The objective of this investigation was the study of the behavior of o

the laminar boundary layer on a Reichardt body of revolution with suction '"»:
through many fine slots and the determination of the drag characteristiqg |

and suction requirements of this body at various Reynolds numbers R;. At ). ; .{-;f “;'f )
‘each Reynolds number the suction quantities were varied over a. range that : .- : ’,x:;.;}!%

.o

included the point of minimum drag.

The pressure drop across the calibrated flow measuring nozzles lo- Lo T S

cated at the downstream end of the various suction chambers was measured to
evaluate the suction quantities Q, of the individual suction chambers. The
corresponding chamber static pressures were taken at the downstreesm end of

the suction chambers. The lengthwise pressure distribution was recorded by
means of twenty-one static pressure orifices located from 2 to 95% of the

'len'g.th. The locatton.of the static ’préssure orifices is given in Table III.
In order to properly set the model at an angle of attack ¢ = 0°, four pres-
sure taps arranged 90 degrees from each other were piovided at a station 3%

-

of the body length from the nose.

For the dcteminatio:; of the wake drag of the model, the boundary .
layer velocity profiles at the aft end of the body were megsured by means
of six boundary layer rakes. The rakes were located at radial stations )
®= 0° (top of mod'el).' 30°, 60°, 180°, 225° and 270° (see Figure 4). Four
of the rzkes (o = 0°, 30°, 180° and 225°) each consisted ;t‘ twelve flate

tened total pressure tubes yhzruS the remaining two (¢ = 60° and 270‘) :
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consisted of twelve 0,010-fnch diameter round total pressure tubes aplece. )
Round total pressure tubes, which are less sensitive to angle of attack, , b

were used for the side rakes to minimize errcrs at angles of attack, Each 2

of the rakes had two static pressure tubes displaced one-half inch from the e :

plane of the total pressure tubes. :

-

The state of the boundary layer was observed from the boundary layer

measurements at the aft end of the body. "~

The static pressures in the measuring nozzles, suction chambers and
on the external body surface were displayed on a first U~tube manometer
panel; The boundary layer rake x:eadings (total and static pressures) werey
recorded on a second, separate U-tube manometer board. In this mammer
fluctuations 'of the total pressure readings from the rakes did not influ-
ence the remaining pressure readings. The pressure data were recorded
photographically -on ?J)emm £ilm, which was then read on a filmreading ma-
chine. The recording was on punched cards suitable for use on an IB§(7090

digital computer,

The undisturbed freestream static and dynamic pressures peo and Qo
were determined from wind tunnel calibration curves and calculations pf the
tunnel wall corrections by the wind tumnel staff. The resultant minimm

pressure coefficients showed a scatter of t 0.6% of freestream dynamic

.
"L

pPressure.

»

- .

Fron the measured suction quantities Q,'in the various suction chane

bers the suction quantity ;oqfficlmts CQa ™ Qa_ Of the individual chambers .




" rise across a suction compressor necessary to accelerate the suction air to-

freestreanm velocity and ambient static pressure without losses, the equiva-

lent suction drag coefficient is

Ch & § (1 -¢C).
% an % Pa

chambers

Due to the surface curvature of the body at the rake location, a

-

pressure graien' normal to the body existed and was measured by the two

static presture probes mounted on each rake. A linear variation of static
pressure wa: assumad for the determination of the velocity distribution in

the boundary layer at the rake location.

For the eva.uation of the wake drag, it was assumed that the measured

-boundary layer- profile is first accelerated over a short distance to a con-

stant static pressu.e equal to the value at the edge of the boundary‘layer

" at the rake location. This new fictitious boundary layer profile at con-

stant static pressure can be determined from the continuity and Bernoulli
equations {i.e., assuning constant tctal pressure along streamlines). The
wake momentum lo: s at,infinity. which determines the wake drag, can then be
evaluated from the momuntum t' ckness of this fictitious boundary layer at
sonstant static presiure according to Squire and Young:

T --:'.- 2n i-.‘z 21

~ T e v f 2 r7g O1E
SR T (°TE) dy
D, " s ! F oo (py 2 .8

"~ e

@igte ffé\Ig_the body ralius at tne measuring station, Upg is the potential

. « n o p
»
g . z
F L. W. Gross NORTHROP CORPORATION 8
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' Pa ~ P
and the coefficient C?a = lﬂ & = 1 cPa of the isentropic pressure
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flow velocity at the edge & the boundary layer, K is the value of & = %f

in the wske between the boundsry layer rake position and infinity and

)

0 zl.‘.’. 1D (1 +X
TE U( U)( +rm) dy

-6

= u.'-".
bty lu Pa+L ey .

Shortly downstream of the rear end of the model Hyp = 1.4 (turbulent)

and H = 1,0 at infinity; therefore, H + 2 = 3,2, and

10 .
§ ¢ = Vrg )32 ,i 2 typ Opp do
Dw ( U ) e

For the determination of the total wake drag the momentum thickness
- as measured by each boundary layer rake (at radial position {p) was deter-
mined and a "local" wake drag <p,, (9) was defined as

3.2
o (Vrg )77 27y b

c —
(‘!u ) § .

At an angle of attack o = 0° the total wake drag was then determined from
the average value of the local wake drags so that

ep,, (0) + cp, (30) 4 cp (60) + ep (180) + ep, (225) + ep (270)1]
6' ]

OD' = 2]!'x[

The equivalent total drag is then the sum of the wake and equivalent

suction drags: \

.cnt'cnﬂ*'culs .
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C. EXPERIMENTAL RESULTS

The experimentally determined lengthwise potential flow velocity

distribution is shown in Figure 5 and compared with the theoretical

ﬁotentia! flow velecity distribation as calculated by the method of

reference 9. The experimental and thecretical potential flow velocity

distributions agreé within 0.2 percent of the freestream velocity. The : 'i _: - .
experimental curve is consistently higher tpaﬁ the theoretical curve in

the region from 25 to 70 percent of the length indicating a slight error

in the determination of the freestream velocity.

Figures 7 through 52 show the variation of the wake drag coefficient

Cp,. the equilvalent suction drag coefficient CDs and the equivalent total
drag ccefficient CDt as a function of the total suction flow coefficient
cQt. At low suction rates, increasing suction moves transition back towards
the end of the body, causing a rapid decrease in wake drag and total drag.

1 As suction is increased further, and turbulent bursts are eliminated
entirely, the fully laminar boundary layer is merely thinned by additional
suction. Since the corresponding decrease of wake drag due to thinning of -
the laminar boundary layer with increased suction is smaller than the cor-
'responding increase ir equivalent suction drag, the equivalent total drag
then increases. Thus, & minimum equivalent total drag coefficient th

min
occurs at an optimum total suction flow coefficient cQopt°

The local drag coefficients cpw(qo as measured by the individual

rakes are not shown. Their variation was the same as that of Cn'. thcirr
magnitude was approximately 1/2n that of ch and their total deviation from

the average was less than 10 percent in most cases.

L]
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Figure 53 shows the varistion of minimvm equivalent total drag
¥ .
* coefficient CD { (including equivalent suction drag) and the corresponding
toin
optimum suction coefficient at minimum equivalent total drag CQ pt with

length Reynolds number Ry, at angle of attack o = 0°. The values of CDt .
min

53 are the coefficients thmi -and CQopt as determined in the Norair 7- by

10-foot wind tunnel and given in reference 1.

i
and cQopt were determined from Figures 7 through 52. Also shown in Figure | )
- : The lengthwise distributions of the nondimensional suction velocity
for equivalent area suction are shown in Figu-e 54 for several selected
test numbers at 2 and 5 atmospheres wind tunnel pressure. At their respec-
tive Reynolds numbers, the chosen test pvint was that one closest to minimum
equivalent tctal drag. For comparison, a suction distribution measured
i
during the Norair test and the design suction distribution are also shown.

The measured boundary layer velocity profiles corresponding to the suction

velocity distribitions of Figure 54 are given in Figures 55 through 61.

The variation of the boundary layer velocity profiles, as measured
by the top boundary layer rake, with total auction flow coefficient CQ is
shown in Figures 62 through 68 for several test runs. -The test runs are
the same as those for which Figures 55 through 61 illustrate individual
test points. Only the boundary layer profiles>measured by the top rake

are .hown since those measured by the other rakes are similar.
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T11, IHEQRETIOAL STUDY

A COMPUTATION PKOCEDUE

The tests points cho.sen for a detailed analysis of the boundary
layer development are listed in Tsble IV and were those whose lengthwise
distributions of nondimensional equivalent area suctfion velocity are shown
1ntf’igur¢ st;o The test points were chosen to cover the complete range of
Raﬁolds mlmbera and btoth o.f the wind tunue-l. pressurés used, At their
respective Reynolds numbers the chosen test points were those closest to

minimom equivalent totsl drag. e
- “ -

Development of the boundary layer for the selected test points was
calculated by means of Raeatﬂs method (reference 10) on an IBM 7090 high
speed «ligitalg cclmputer« The method calculater boundary layer profiles at
a large number of chordwige steps by a finite difference mothod. Numeri.
cal dats defining the bounfary conditions is required at each point. For
computaticnal stsbility, these duta must be smooth and consistent, and
theiy derivatives are restricted in magnitude so that the differences be-
tween points axe not too large., For this reason, the input parameters are

usually defined as anzlytic approximations to the given data.

Figure 69 is a comparison of the messured lemgthwise velocity dis-
tribution and the approximation uszed for the calculations. The approxii-e-
tion is by a method developed by Coldsmith and can be used whenever it is

not neceesary that the approximatioa pass through the defining points (4n

this case the measured points). The degres of approximation can be -

-«
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. adjusted but fn this case i% was felt that the approximation was suffi-.

clently close since it fell within the experimental accuracy of the poipts
and the velocity gradients were properly defined., The nondimensional
equivalent ares suction velocity distribution, uscd for a given test peint
1s {llustrated, slong with the measured test points, with the summary of
results for th@t test point., They are shown in Figures 70, 73, 76, 79, 82,

85, and 88, .

B, THEORET. j»L KESULTS

The computed czvelopment of the lami{nar boundary layer for each of

the test points studied 1s shown in Pigyres 70, 73, 76, 79, 82, 85 and 88.
Shown is the Reynolds number based on the boundary layer momentum thickness
Rg = %ﬁ and the shape parameter H = g*/e; which {8 an indication of the
bo;ndaty layer stability.

.. In Pigures 71, 74, 77, 80, 83, 86 and 89 the theoretical boundary
layer profiles at the boundary layer rgkr positions are compared with
the boundary )ayer velocitiss as measured by the rake total pressure
end static pressure tubes. Also 1n5:1t.;dqd are the boundary layer plrmtcr‘
momentum thickness 0, displacement thtékncss §*, shape pr aneters B,
momentum thicknass Reyﬁolds number RB and wake drag coefficient Qqu.
a¢ deternined from the calculated and measured velocities, The develop-
ment of the boundag:_y layer along the mrtgco :tw:he oodel s aleo
illustrated by the boundary luyof §oi§c1ty'progiloo caiéul;tod at a
nunber of nélal atations and given in Figures 724,and b, 75a and b, 78a

90a and b.

’ . . an .

end b, 8ls and b, B4a gnd b, 87$ and b, and
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increasing values of cQopt /RL to maintain full length laminar flov at

higher length Reynolds numbers. The total equivelent drag then decreases

‘did mot occur during the tests in the 12-foot pressure wind tunnel. (An

#1IvV  DISCUSSION

At an angle of attack o = 0° full length laminar £low was maintained
on_ the Reichardt body of revolution with low drag suction up to a length
Reynolds number R; = 57.8 x 105 (see Figure 53). The minimum equivalent

total drag coefficient (based on wetted area and including equivalent
-

suction drag) was thmin = 2.65 x 10 ~ and .the corresponding totai suction

coefficient was cQopt = 1,77 x 1074,

.

According to Figure 53, the total suction coefficient for minimum

equivaleni total drag cQopt decreases very slowly with increasing Reynolds

-4
nunber from approximately Co ., = 2 x 10™ at Ry, = 15 x 108 to
cQopt = 1.77 x 1074 at Ry, = 57.8 x 106. This relatively slow decrease in
CQ with Reynolds number is to be expected because the boundary layer becomes

more sensitive to disturbances at increasing Reynolds numbers, requiring

with increasing Reynolde numbers at a considerably slower rate than the

leminar friction drag of a ilat plate.

However, the sudden increase of suction requirements, characteristic

of tests of laeminar euction models, as the disturbance level (due to

turbulence and noise) of the wind turnel increases beyond e certain level

exzmple of this m&den increase in suction requiremsnts can be seen in
the Norair data of Figure 53.) This implies that the Reynolds number limit
of the Ames vind tunnel was probably not reached during these teste.
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- Limftations were rather caused by the apprarance of a eritical roughness
but insufffcfent time was available to run the tunnel again after locating :

and removing the roughness.

At the low end of the Reynolds number range (Ry =« 174 106, see
Figure 53) the equivalent total drag measured at Auwes was highar, at the
same Reynolds number, than that measured 1n‘§he Norair wind tunnel. In
Figure 54 are compared the lengthwise distributions of nondimensfonal
equivalent area suction velocity v: as measured in the two wind.tunnels
at approximately the same Reynolds number R;. It can be seen that less
guction aft of 85% of the body length was used in the Ames tests than in

the Norair tests. According to reference 1 the equivalent total drag of

PR —— - -

the Reichardt body of revolution {s very mensitive to the amount of auc-

~tion in this area. On the basis of thess results it appears that the

total equivalent drags of the two cases would match more closely if, in
the Ames tests, more suction had been used aft of B5% of the body length

at the lower Reynolde numbers.

The calculated boundary layer vdiocity profiles at the aft end of

Al CThar L L st

the model show good agreement with the velocity profiles measured by the
boundary layer rakes (Figure 71, 74, 77, 80, 83, 85/ and 89). The agrae-

WAL ML S

ment {8 especially good between the calculated profile md rakss mnbered
1, 2, 3 and 4 vhic}‘\'ven locatad st radial urglcg {mesasured !ra-_ .th- top
of the modsl) ¢ = 0°, 30°, 60° and 270° vaspectively. Rekes 5 and 6,
which were located at ¢ = 225° and 180°, have velocity profiles charace -
teristic of :hcl .preunec of turbulent bursts.’ This discrepency suggssts
the possibility ::lm': th: rear ofithe nodel may ‘heve baen at @ slight argle
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of attack such that the bottom of the model was on the l(‘:!—'y;itd eide of the

wind tunnel flow; although X was known from pressure measurements around

the circumference at an axial station near the nose that the model was
aligned with the flow in this region. The apparent angle of attack at the
rear of -the model may have been due to glight ung;xl.arities of flow slresdy
present in the wind tunnel or induced by the mounting system. The slightly
increased drag over the bottom of Fhe model also may have been due to sub-
critical roughnees or surface imperfections, but, since the drag increase
Qan present to the sam;:;xtent over a wide range of Rey'ri';lds numbers,
roughnesé effects would not appear to be the reasow”

The boundary layer development, as determined from the theore:ical
computatfons and presented in Figures 70, 73, 75, 82, 85 and 88, suows
similar behavior in the seven cases gtudied. The momentum thicknaes
Reynolds ¢ ber increased gradually 2&:{’&5" '?.éngth. while the 'shapé parameter

B was maintained at a value ranging from-2.4 tc 2.3 until 81% of the body

= length had been traversed. Aft of 81% length the region of the rear pres-

- stire rise was starting and incrcased suction was required sufficient to

restrain the growth ~£ Rg to spproxiimtely its previous rate vhile H was

dropping in value. The. essentially constant rate of growth of Rg was

_maintained up to 90% length, at which time Rg had achieved a value that

increased as length Reynolds number Ry increased and varied from Ry = 2300
at Ry = 17.14 x 106 to Rg = 3600 at Ry = 56-74 x 106,

' In the region of the strong pressure rise from 90% langth to the
Tesr of the model, the momentus thickness Reynolds number Rg grew rapidiy.

The ultimate value of Ry again depended on length Reynoids number and
varied from Ry = 4500 at Ry = 17:14 x 106 to Ry = 5500 at Ry = 5674 x 106,

- e
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¥ MODEL COORDINATES
x/L x/L
0 0
.01 .0163
.03 025%
.05 .0313
.07 .0357
.10 . 0408
.15 L0472
<20 .- .0519
.25 .055¢6
.30 .0581
.35 .0601
.40 0614
&5 0622
.50 .0625
55
.60
.65
.70
o 75
.80
«85
+90
.95
1.00
1003
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TABLE 11

CHARACTERISTICS OF MODEL SLOT AND_METERING HOLE DESIGN

All slot widths = 0.003 inch

Slot Hole Number Slot Hole Rumbex
Chamber Slot - Position Diameter of Holes Chamber Slot Position Diameter of Holes
Number  Number (2 length) _(inch) (per inch) NMumber  Number (X lenzth) (inch) (per inch)

1 1 2,778 0.0260 11.546 6 29 4).667 0.04665 4. 160
2 4,167 0.0260 12.393 30 43.056 n,0400 &4.465
3 5.556 0.0350 11.277 31 44 . 4404 0.0360 by 861
1 4 6.944 0.0465 8.201 32 45.833 0.0330 5.22}
2 5 8.333 0.0465 7.934 33 67,222 ¢.03™0 5,186
6 9.722 0.0400 8.827 34 48,61} 0.0310 5.365
7 11.111 0.0350 9.711 35 50.000 0.0292 5.365
8 12.500 0.0310 10.559 6 36 51.389 0.0292 5.365
2 9 13.889 . 0.0280 11.378 ? 37 52.778 0.0330 4,721
3 - 10 15.278  0.0465 * 6.920 38 54.167 4.752
U 16.667 0.0350 8.673 39 . 55.556 4,753
12 18.056 0.0310 9.550 40 ' 56.944 4.691
13 19.444 0.0280 10.197 41 58.333 4.713
14 20,833 0.0260 10.597 42 59.722 4.734
3 15 22,222 0.0260 9.338 43 61.111 4,762
4 16 - 23.611 0.0465 5.810 44 62.500 4.795
17 25.000 0.0370 6.975 7 . 45 63.889 4.835
: 18 26.389 0.0330 7.705 8 46 65.278 4,868
. 19 27.778 0.0292 8.313 47 66.667 4.688
20 29.167 0.0280 8.540 48 68.056 4.738
4 - 21 30.556 0.0260 8.873 49 69. 444 4.726
5 22 31.944 0.0465 4,968 50 70.833 4.698
23 33.333 0.0370 5.898 51 72.222 4.763
24 34.722 0.0330 6.441 52 73.611 4.734
25 36.1i1 0.0310 6.694% 53 75.000 4. 711
26 37.500 0.0292 7.008 54 76.389 &4.732
27 38.889 0.0280 7.143 53 77.778 4.675

5 28 40.278 0.0260 7.783 8 56 79.167 0.0330

4.738



TABLE Il (continued)

. Slot Hole Kumber Slot Hole Number
Chamber Slot Position Diametar of Holes Chamber Slot Fogition Diameter of Holes
Number Number (I length) (inch) (per inch) Number Number (% length) (inch) (per inch)

9 57 80.035  0.0260 3.026 11 8e 90.799  0.0292 6.20C
58 80. 382 3.304 89 91.146  0.0260 7.028
. 59 80.729 3.674 90  91.493 6.544
© 60 81.076  0.0260 4.071 91 91.840 | 6.19?
61 81.424  0.0280 3.985 92 92.187 5.837
62 81.771 0.0260 4.099 93 92.535 5.621
63 82.118 4.035 11 94 °  92.882  0.0260 5.399
64 82.465 4.059 12 95 93.229  0.0465 4,538
65 82.812 4.085 96 93.576  0.0380 5.633
66 - 83.160 3.938 97 93.926  0.0320 6.775
67 83.507 3.922 98 94.271  0.0292 7.623
68 83.854 3.811 99 94.618  0.0280 8.336
69 34.201 © 3.653 100 94.965  0.0260 8.536
70 84.549 - 3.540 101 95.312 8.042
- 84.896 3.520 102 95.660 7.636
72 85.243 i 3.452 12 103 96.007  0.0260 7.3664
9 73 85.590  0.0260 3.382 13 104 '96.356  0.0465 5.446
10 76 -~ 85.937  0.0390 4007 105 96.701  0.0400 6.379
75 86.285  0.0350 3.948 _ 106 94.048  0.0360 7.140
76 86.632  0.0330 3.888 107 97.396  0.0320 8.147
77 . 86.979  0.0292 4.330 108 97.743  0.0310 2.760
78 87.326  0.0280 4.833 . 109 98.090  0.0280 9.624
, 1 87.674  0.0260 5.140 © 110 98.437  0.0260 10.526
. 80 88.621 : 4.882 11 98.785 9.363
81 88.368 4.724 112 99.132 8.625
- 82 88,713 4.377 13 - 113 99.479  0.0260 8.096
- 83 89.062 4.290 C
10 84 89.410  0.0260 4.120
1 85 ©  89.757  0.0420 3.970
86 90.104  0.0370 4.589 :

11 87 90.451 0.0320 5.396
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L. W. Gross NORTHROP CORPORATION 42d - : «
CHECKER ‘ NORAIR DIVISION AEPOAT KO. F | A - S
. U P NOR 63~46 (BLC-148) ¥ | Ce, e
bATE MOCEL - AR

July 1963 '
P TABLE 111 B
STATIC PRESSURE ORIFICE AND MICROPHONE
LOCATIONS OF LAMINAR SUCTION MODEL -
Static Oriifice Position Microphone Position
Number (X_length} Numbar (X lensth) )
1 2.00 1 12.847 ] -
2a, b, ¢, @ 3.00 2 30.903 P
3 5.00 3 50.694 ‘
4 7.50 e 4 63.194 - e
5 10.00 -] 78.125 S «
[ 15.00 6 84.375 S ECR
8 25.50 8 92.361 - e
9 30.00 9 97.222 ‘I Ty
10 35.00 ;
11 40.00 i
12 45.00 | \
13 55.00 P N
14 60.0C P
15 65.00 S
16 70.00
17 75.25
18 80.00
19 85.00
20 90.00
21 95.00
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CHEGKER NORTHROP CORPORATION "HEFGRT NG, ~ 1
. RORAIR DIVISION NOR 63-46 (BLC-14&) [ ,’
| BATE S MOOE - o
, ; . ¥
July 1963 . = * :
e - ‘_.'" .
TABLE 1V
TEST POINTS STUDIED FOR THEORETICAL ANALYSIS OF EXPERIMENTS
Wind Tunnel . 4 :
Run No. Ry, Pressure x 10 Cq,.7C
| - {Atmospheres) & _.._....__Ql Qo.l.) E .
2 17.136 1 2.050 .
102 22.166 1 1.979 1.041 ' .
47 30.228 4 1.69¢ 974
117 30.[‘“9 1 it 2.007 1.014
262 38.036 4 1.860 <979
287 56.740 ) 1.789 .988 . -
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L. W, Gross ‘ . ' 75
TR NORTHROP CORPORATION oG
: NCORAIR DIVISION : HOR 63-46 (BLC-249)
- KOATE S MODEL : --t -
July 1963 E
T . Ay } £
( smuassa v

- M *
- i vaamnon OF MINIMUM TOTAL DRAG % AND e

SUCTION COEFFICIENT AT MINIMUM TOTAL DRAG cQopt .

WITH LENGTH REYNOLDS NUMBER Ry, o = 0°

NASA Ames Data
Norair Data _(Ref. l_)

.
4

ng ‘equivalent .-

sdrag due to suction

.

" x 10% ({ncludt
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